INTRODUCTION {#S1}
============

Activity integrators in the nervous system are critical for acutely sculpting neuronal responses and, in the longer term, for engaging homeostatic processes. Ca^2+^ is a ubiquitously used second messenger in neurons and it has been shown to be involved in both regulation of synaptic strength [@R1] and in regulation of intrinsic properties [@R2]--[@R4]. Ca^+^-based integrators of near-term activity, however, have several limitations. First, they operate on fast time scales (msec to hundreds of msec) due to time constant of Ca^2+^ clearance [@R5]. More importantly, however, Ca^2+^ levels are not necessarily linear with spike number due to the kinetics of voltage-gated Ca^2+^ channels [@R6] and cellular Ca^2+^ buffers [@R7], [@R8]. These kinetic constraints complicate linear integration of synaptic activity over longer (sec to min) time scales by Ca^2+^ sensors.

While Na^+^ is not widely considered to be a second messenger, its intracellular level is directly linked with neuronal spiking. Indeed, previous work demonstrates that neuronal activity in small neurons can generate large and long lasting changes in intracellular Na^+^[@R9], [@R10]. This suggests that activity sensors tuned to intracellular Na^+^ could be potentially useful as regulators of neuronal function. Such sensors could bridge the temporal gap between the signaling by Ca^2+^ of fast (single spike or burst) and slow (transcriptional) events allowing the neuron to be tuned in response to synaptic activity that occurs over seconds to minutes. This timescale is particularly relevant to rhythmically active networks such as those controlling respiration[@R11] locomotion[@R12], feeding [@R13] or swimming [@R14] which typically fire in the 0.5--2 Hz range.

The *Drosophila* third instar larval locomotor circuit provides an ideal system in which to investigate the mechanisms of plasticity on this timescale. Forward movement in larvae is generated by waves of body wall muscle contractions that are controlled by a segmentally coordinated central pattern generator (CPG). The output of the CPG can be monitored by observing stride frequency (ca. 1Hz; [@R15]) in intact animals or by recording bursting activity (ca. 0.1 Hz; [@R16], [@R17]) from motor nerves or muscles in a dissected body wall preparation.

To investigate cellular processes that might mediate plasticity on this time scale, we recorded from motor neurons and identified an afterhyperpolarization (AHP) following bursts of action potentials that lasted for multiple seconds. Using a combination of electrophysiological assays, pharmacology, and genetics we show that the AHP is mediated by electrogenic activity of the Na^+^/K^+^ ATPase, instead of a change in membrane conductance. This pump current interacts with other intrinsic conductances during behaviorally relevant rhythmic activity and can act both as a integrator of spike number (regardless of activity pattern) and as a Ca^2+^-independent intrinsic short-term memory mechanism in larval motor neurons.

RESULTS {#S2}
=======

Earlier work characterized the basic electrophysiological features and projection patterns of 5 segmentally repeating, dorsal motor neurons in the ventral ganglion of 3^rd^ instar larvae [@R18]. These motor neurons fire high frequency rhythmic bursts during the peristaltic body waves that drive larval locomotion [@R16]. In other rhythmic systems, activity dependent intrinsic properties play important roles in regulating rhythms [@R19]. Given this, we wondered whether larval motor neurons display any activity-dependent intrinsic properties that operate on times scales similar to the cycle periods seen during crawling rhythms.

Motor neurons display long lasting AHPs following volleys of action potentials. [Figure 1a](#F1){ref-type="fig"} shows an overall schematic of the larval preparation (top) and a close view of the ventral ganglion showing motor neuron orientations and designations (bottom). [Figure 1b](#F1){ref-type="fig"} shows a whole cell patch recording from motor neuron MNISN-Is (nomenclature of Hoang and Chiba, 2001). In response to a 5 sec, 100 pA current injection, the neuron fires action potentials robustly. Afterwards, the membrane potential hyperpolarizes by \~20 mV and then takes 15--20 sec to return to baseline. Smaller, but still apparent AHPs are also visible through a range of shorter, 1 sec current pulses ([Fig. 1c](#F1){ref-type="fig"}). After confirming that AHPs were observed in all dorsal motor neurons previously characterized (data not shown), we focused our work primarily on two identified motor neurons, MNISN-Is and MN30-Ib.

Membrane currents underlying the AHP {#S3}
------------------------------------

What intrinsic membrane currents underlie the observed AHP in larval motor neurons? First, we asked if the AHP was stimulated by spiking of the neuron or by membrane depolarization alone. We measured AHPs, then blocked voltage-gated sodium channels by applying 10^−6^ M tetrodotoxin (TTX). [Figure 1d](#F1){ref-type="fig"} shows the response of a single neuron to a 5 sec, 100 pA current injection in control conditions (left) and in TTX (right). In TTX, the neuron does not spike and shows no AHP, even though levels of membrane depolarization are comparable to control. Mean membrane potentials at various time points after a volley of stimuli for pooled data from 5 preparations are shown at the right (P\<0.05 at 2, 10, and 15 sec after stimulus end, Student's T-test). Note that after a 100 pA pulse, the AHP persists for over 10 sec in control conditions.

In a number of systems, AHPs are the result of Ca^2+^-dependent potassium currents[@R20]. *Drosophila* larval motor neuron AHPs, however, do not require external Ca^2+^, because they can be observed with Ca^2+^-free saline and low free calcium (ca. 10^−8^ M) intracellular solutions ([Figure 1](#F1){ref-type="fig"}). TTX experiments suggested that the current underlying the AHP was dependent on Na^+^ influx into the motor neurons. Na^+^-dependent K^+^ channels have been shown to underlie long lasting AHPs in other organisms [@R21], [@R22]. We reasoned that if a K^+^ conductance were responsible, then there would be a decrease in input resistance during the AHP. To test this, we estimated input resistance by injecting small hyperpolarizing current pulses before and during AHPs. [Figure 2a](#F2){ref-type="fig"} shows a motor neuron (MNISN-Is) response to a 5 sec, 100 pA current pulse followed by three 1 sec, −10 pA pulses during the AHP. We injected hyperpolarizing pulses at 1 sec, \~6 sec, and \~20 sec after the depolarizing pulse stopped. Note that the amplitude of the membrane response to hyperpolarizing current pulses is the same at all time points. We used these data to estimate input resistance before and during AHPs. Pooled data from these experiments ([Fig. 2b](#F2){ref-type="fig"}) suggests that resting membrane input resistance does not change during the AHP, especially at peak amplitude (1 sec after pulse; F = 0.99, One-way ANOVA). Input resistance can vary as a function of holding potential; to control for this, we measured input resistance at hyperpolarizing potentials that spanned the voltages seen during AHPs. Response to hyperpolarizing pulses was linear through this range (n = 5; data not shown). These data suggest that a large change in membrane conductance (i.e. K^+^ channel opening) does not underlie the AHP.

If AHPs are mediated by a K^+^ current, then they should reverse at the predicted reversal for K^+^ ions (−107 mV in our recording conditions). To look for AHP reversal, we depolarized cells to the same level from different, hyperpolarized holding potentials approaching −107 mV. [Figure 2c](#F2){ref-type="fig"} shows AHP responses to 5 sec depolarizing current pulses at rest, and at three hyperpolarized holding potentials (−70, −80, −90 mV) in a MNISN-Is cell. Injected current was calibrated to bring the neuron to approximately the same level of depolarization, regardless of holding potential. In this preparation, and in the pooled data ([Fig. 2d](#F2){ref-type="fig"}), we saw no change in AHP amplitudes as a function of holding potential (F-value = 0.97, One-way ANOVA). Neurons quickly became unhealthy when held below −90 mV, so we were unable to measure AHP amplitude exactly at K^+^ reversal potential. However, we were able to span a large range of hyperpolarized holding potentials with this approach, and we saw no hint of AHP reversal.

The above results are not consistent with the larval AHP being mediated by a K^+^ current, but are consistent with classic features of Na^+^/K^+^ pump-mediated currents [@R23]. We therefore bath applied ouabain, a blocker of Na^+^/K^+^ ATPase, and measured the effect on AHP amplitude. [Figure 2e](#F2){ref-type="fig"} shows a motor neuron (MNISN-Is) response to a 5 sec, 100 pA current injection in control saline (left) and in saline containing 10^−4^ M ouabain (right). In control conditions, a 5 sec, 100 pA pulse evokes a long lasting AHP. When the same cell is held at a similar membrane potential in ouabain, and given the same depolarizing pulse, no AHP is visible. Pooled data are shown in [Figure 2f](#F2){ref-type="fig"}; AHP amplitude is plotted as a function of injected current. The AHPs evoked by both 1 sec and 5 sec pulses are abolished in ouabain (P\<0.05 for 40--100 pA with 5 sec pulses, P\<0.05 for 60--100 pA with 1 sec pulses, Student's T-test). This was not an indirect affect due to diminished spiking in ouabain; at all current injection levels except one (5 sec, 100 pA), the number of evoked spikes in control saline was less than the number of spikes in ouabain ([Supplemental Table 1](#SD1){ref-type="supplementary-material"}). Consistent with this being a manipulation of pump activity, we saw no significant changes in input resistance between control and experimental conditions ([Fig. 2g](#F2){ref-type="fig"}; P = 0.55, Student's T-test).

Genetic inhibition of Na^+^/K^+^ pump function abolishes AHPs {#S4}
-------------------------------------------------------------

Current clamp and pharmacology experiments suggested that Na^+^/K^+^ pump activity underlies long lasting AHPs in *Drosophila* motor neurons. To further confirm this, we used the *GAL4-UAS* system [@R24] to genetically manipulate Na^+^/K^+^ pump function. Previous work has shown that ectopic expression of a mutant (D369N) Na/^+^K^+^ ATPase alpha subunit can have dominant negative effects on pump function [@R25]. We drove expression of dnATPase in motor neurons using the *GAL4* driver *C380+GFP* (see methods), then quantified the effect this had on AHP amplitudes. [Figure 3a](#F3){ref-type="fig"} shows motor neuron recordings from two genetic controls (*UAS-dnATPase/+* and *C380+GFP/+*, left and center) and from an animal expressing dnATPase in motor neurons (*C380+GFP/+; dnATPase/+*, right). Large AHPs are visible in both control traces, but not in the neuron expressing dnATPase. Pooled data for these experiments are shown in [Figure 3b--d](#F3){ref-type="fig"}. After both 1 sec and 5 sec pulses, AHPs in motor neurons expressing dnATPase were severely attenuated when compared to controls ([Fig. 3b](#F3){ref-type="fig"}; 1 sec pulses: P\<0.05 for 120 pA, both controls; P\<0.05 for 100 pA, GAL4 control; P\>0.05 for all other current injection levels. 5 sec pulses: P\<0.05 for 80--120 pA, GAL4 control; P\>0.05 for all other current injection levels. One-way ANOVA with Tukey HSD posthoc test). As with the ouabain application, input resistance was not significantly different from controls ([Fig. 3c](#F3){ref-type="fig"}; P\>0.05, One-way ANOVA, Tukey HSD posthoc test). Resting membrane potential showed a non-significant trend to be more depolarized in neurons expressing the dominant negative ATPase ([Fig. 3d](#F3){ref-type="fig"}; F-value = 0.07, One-way ANOVA).

While dnATPase-expressing neurons did not have a statistically significant increase in resting membrane potential, inhibiting pump function with dnATPase did have an effect on how cells responded to current injection. [Supplemental Figure 1](#SD2){ref-type="supplementary-material"} shows spike frequency plotted as a function of 1 sec pulses of current in control animals and in cells expressing dnATPase in motor neurons. At most current injection levels (40--80 pA), experimental animals responded significantly more robustly to current injection (P\<0.05, One-way ANOVA, Tukey HSD posthoc test). We did not attempt to control the resting membrane potential in these experiments, so the observed increase in excitability may be due in part to the slightly more depolarized membrane potential in dnATPase expressing cells.

To examine the functional consequences of manipulating Na^+^/K^+^ ATPase activity in MNs, we used a combination of GAL4/GAL80 drivers to drive dnATPase in MNs alone (see Methods). Animals expressing dnATPase in motor neurons crawled significantly slower than controls ([Figure 4a](#F4){ref-type="fig"}; P\<0.05, One-way ANOVA, Tukey HSD posthoc test). This decrease in speed reflects a decrease in the frequency of forward peristalsis ([Fig. 4b](#F4){ref-type="fig"}; P\<0.05, One-way ANOVA, Tukey HSD posthoc test), but not in direction change or backward peristalsis ([Figs. 4c, d](#F4){ref-type="fig"} P\>0.05, One-way ANOVA, Tukey HSD posthoc test for both.

AHPs are proportional to spike number regardless of activity pattern {#S5}
--------------------------------------------------------------------

Current clamp recordings, pharmacology, and genetic manipulation all demonstrate that AHPs in larval motor neurons are mediated by the activity of the Na^+^/K^+^ pump. Pump-mediated AHPs are directly linked to spiking in motor neurons, but are not strongly influenced by the membrane potential of the neuron. As a result, AHPs are uniquely positioned to act as a cellular sensor tuned solely to spiking and changes in intracellular sodium. Furthermore, because of their long time scale, AHPs could also be used to integrate spike number regardless of the activity pattern of the neuron. To test these ideas, we compared AHPs produced by different types of activity patterns. [Figure 5a](#F5){ref-type="fig"} shows a MN30-Ib response to a 5 sec, 20 pA depolarization (left) and the same cell responding to a 5 sec train of 1 Hz, 0.5 sec, 40 pA current pulses (right). AHP amplitudes increased with increasing current injection in both situations ([Fig. 5b](#F5){ref-type="fig"}). Interestingly, AHP amplitude was proportional to total spike number regardless of whether the cell was constantly active or bursting ([Fig. 5c](#F5){ref-type="fig"}). A similar effect was observed in MNISN-Is cells: AHP amplitudes were proportional to spike number regardless of whether the cell was constantly activated for 1 sec or constantly activated for 5 sec ([Figs. 5d and e](#F5){ref-type="fig"}). These data indicate that this AHP functions as a pattern-independent spike counter on the timescale of the endogenous motor rhythm.

AHPs modulate a K^+^ conductance in motor neurons {#S6}
-------------------------------------------------

Besides acting as a spike integrator, what other functional role does the AHP play in a rhythmically active neural circuit? Because larval motor neurons are rhythmically active during crawling, they provided a unique opportunity to explore this question. In a second set of experiments, we gave rhythmic current injections to larval motor neurons designed to mimic the kind of synaptic input that they would receive during crawling. Previous studies of *Drosophila* larvae have shown that the cycle period of a typical stride (i.e. one full tail to head, peristaltic wave) is \~1 sec [@R15], [@R16]. To approximate endogenous crawling activity, we gave trains of 20, 0.5 sec long bursts at a frequency of 1 Hz and at various current injection strengths. We measured spiking activity and membrane potentials during troughs in between bursts and after rhythmic trains. [Figure 6a](#F6){ref-type="fig"} shows a MN30-Ib cell response to rhythmic 40 pA current injections. Note that after the first burst, a small AHP is generated, slightly hyperpolarizing the cell after the burst. This AHP is compounded after each burst until it reaches a steady state after \~5 cycles.

[Figure 6b](#F6){ref-type="fig"} shows expanded time scale views of the 1^st^, 5^th^ and 20^th^ bursts in the train shown in **6a**. Note that as the trough potential between bursts hyperpolarizes, the spiking pattern of the neuron changes. There is no delay to 1^st^ spike in the initial burst, whereas in later bursts there is a substantial delay. [Figure 6c](#F6){ref-type="fig"} shows delay to first spike plotted as a function of cycle number for two current injection levels (40 pA, 100 pA). In both cases, the delay to first spike increases and reaches steady state after \~5 cycles. At all current injection levels, there was a significantly longer delay to first spike by the end of the rhythmic train ([Fig. 6d](#F6){ref-type="fig"}; P \< 0.05, Student's T-test). As cycle number increased, the longer delays to first spike were accompanied by a significant hyperpolarization of trough potentials ([Fig. 6e](#F6){ref-type="fig"}). Spike rate did not significantly change ([Fig. 6f](#F6){ref-type="fig"}). When these hyperpolarizations were cancelled out with depolarizing current injection, delays to first spike within bursts immediately shortened, returning to durations comparable to those seen in leading bursts (n = 5, data not shown), indicating that the change in duration is mediated by the AHP.

Previous work [@R18] has shown that delays to first spike in larval motor neurons are mediated by the *Shal*-encoded I~A~ current (I~shal~). Furthermore, Ib type motor neurons have I~shal~ channels that are largely inactivated at resting V~m~ (ca. −55 mV in a silent cell). The AHP-mediated hyperpolarizations seen during rhythmic trains move the trough potential into a voltage range that would release I~shal~ from inactivation and cause a delay to first spike.

Activity-dependent AHPs interacted with I~shal~ to modify motor neuron intrinsic properties during rhythmic bouts. However, AHPs also interacted with I~shal~ even in the absence of rhythmic inputs if there was a history of activity. [Figure 7a](#F7){ref-type="fig"} shows MN30-Ib voltage traces during the last two cycles of a rhythmic train of twenty 40 pA pulses (left) and responses to depolarizing current injection at 3 times after the train stopped (right). For 7--8 sec after the end of a rhythmic bout, the cell remains hyperpolarized. For several seconds following a train, if the cell is depolarized above spiking threshold, a clear delay to first spike is visible. Even though there are no rhythms, the motor neuron intrinsic properties are being held in a state mimicking what they would be doing during rhythmic activity by the actions of the AHP. [Figure 7b](#F7){ref-type="fig"} shows the average delay to first spike at the 1^st^, 5^th^ and 20^th^ bursts in a train of 20 depolarizing inputs; it also shows average delay to first spike in bursts at 2.5, 5, and 10 seconds after the train has ended. For up to 5 seconds following the train, delay to first spike remains significantly longer than the delay seen in the first burst of the train (P \< 0.05, one-way ANOVA with Tukey HSD).

DISCUSSION {#S7}
==========

One of the most important tasks of a neuron is to keep track of its own activity. This is of obvious importance for neurons that are involved in memory processes, but it is also true for many other types of neurons that need to operate within a particular activity or input-output range. Many types of plasticity mechanisms have been described that allow cells to adjust synaptic weights and intrinsic properties to reflect their activity history and maintain optimal functionality. In this study, we demonstrate a new form of short-term cellular memory in *Drosophila* larval motor neurons that is mediated by spike-dependent activation of Na^+^/K^+^-ATPase. We show that an AHP mediated by electrogenic activity of the Na^+^/K^+^ pump is proportional to the number of proceeding spikes, even when the pattern of activity is varied. This AHP effectively acts as a spike counter at behaviorally relevant spike rates. Furthermore, we find that this AHP can release endogenous I~shal~ channels from inactivation during rhythmic firing, and that this modification persists for multiple seconds in the absence of rhythmic input, providing a memory trace of the rhythmically active state.

Na^+^/K^+^ pumps are commonly portrayed as the necessary but unglamorous workhorses of neuronal membranes. By continually moving Na^+^ ions out and K^+^ ions into cells, Na^+^/K^+^ pumps generate an electrochemical gradient across the cellular membrane; this slow activity is crucial for generating the resting membrane potential in all neurons and setting basal excitability. Na^+^/K^+^ pumps can have other functions, however. Long lasting, Na^+^/K^+^ pump-mediated AHPs have been observed in a variety of neuronal types. In *Drosophila* they have been shown to be engaged by pharmacological manipulation of sodium channel inactivation kinetics [@R26]. In various vertebrate preparations, pump-mediated AHPs regulate rhythmic bursting [@R27], [@R28] by suppressing excitability. Pump-mediated AHPs have also been shown to underlie changes in the efficacy of neuromodulatory synaptic input in leech sensory neurons [@R29]. This same pump current has been shown to be intimately involved in sensory coding in these neurons due to its ability to allow adaptive scaling of input signals[@R30]. To our knowledge, the present study is the first to show that a persistent (many seconds long), dynamic change in neuronal excitability can be attributed to Na^+^/K^+^ pump function under normal physiological conditions in rhythmically active motor neurons.

AHPs as spike counters and cellular memory mechanisms {#S8}
-----------------------------------------------------

One striking feature of the AHP reported here is that it reflects overall previous spiking activity but remains relatively insensitive to the pattern of activity in which spikes are presented. This is not a feature of the long lasting AHPs which are mediated by ionic conductances [@R31]. Spike counting has been shown to underlie memory formation in other systems. In weakly electric fish, a long-lasting shift in intrinsic excitability is responsible for a pulse integrating mechanism that is immune to frequency-dependent fluctuations. This process is critical to a form of long lasting sensorimotor adaptation in electric organ discharges [@R32].

The role of spike counting in the mature larval locomotor circuit is less clear, but the ability of AHPs to act as spike integrators or 'spike counters' through a range of activity patterns has interesting implications for computational neuroscientists interested in homeostatic plasticity. In previous work, models of how neurons keep track of their own activity have been focused on sensors of intracellular Ca^2+\ 3^. Intracellular Ca^2+^ levels, however, are not always well correlated with spiking activity in neurons [@R33]. Furthermore, Ca^2+^-sensing mechanisms that operate on time scales over 1 sec are sometimes difficult to justify in a model, given the fast time constant of Ca^2+^ decay after spiking (typically \~0.5 sec; [@R5]). Intracellular Na^+^ concentrations, by contrast, are more directly linked to spiking since they directly reflect the actions of voltage-gated Na^+^ channels. Our work, and that of others [@R9], [@R10] suggests that activity can modify intracellular Na^+^ levels over multi-second time scales. Such accumulation is likely to be most significant in small neurons or geometrically constrained subcellular compartments. These results suggest that activity sensors tuned to intracellular Na^+^ could be potentially useful as seconds-long time scale activity integrators in computational models of homeostatic plasticity. This has special relevance to rhythmic networks since many of these circuits operate with cycle periods of this magnitude.

An additional interesting property of the hyperpolarization produced by the larval pump is that it can release endogenous I~shal~ channels from inactivation and thereby modify how a cell responds to the next depolarizing input. Previous studies in the larval motor circuit concluded that I~shal~ currents are largely inactivated at rest and do not affect spike timing in MN30-Ib cells [@R18]. This conclusion, however, was based on measurements from silent cells. This is not the usual state of MN30-Ib cells; in a behaving animal, MN30-Ibs are rhythmically active. The importance of considering a network's endogenous activity in studies of synaptic plasticity has been demonstrated in other systems [@R34]. The example shown here highlights the importance of considering the endogenous activity of a network when measuring intrinsic properties in neurons as well. The ability of the AHP to alter the intrinsic properties of motor neurons embedded in the firing locomotor circuit marks them as having been recently active and alters the timing of motor outputs.

Role of the larval AHP in network output {#S9}
----------------------------------------

The extent to which activity-dependent intrinsic properties can lead to forms of cellular memory has been widely studied [@R35]--[@R39]. However, putting these phenomena in a functional context is often difficult. Genetic inhibition of Na^+^/K^+^ ATPase activity in motor neurons abolishes AHPs. This genetic manipulation clearly has an impact on network output: it slows forward peristalsis by reducing CPG cycle period ([Fig. 4](#F4){ref-type="fig"}). One possibility is that normal AHPs facilitate proper segment-to-segment coordination by restricting the time-frame of rhythmic activity within a segment during a peristaltic wave. When this restriction is removed (as in the case when dnATPase is expressed in motor neurons), activity is 'slurred' over a longer time frame in each segment, potentially leading to longer overall peristaltic wave durations. Tight control of activity bursts has been shown to be an important factor in regulating cycle period in other segmentally coupled oscillating networks [@R40], [@R41]. At this time, we do not have enough information about synaptic connectivity within the ventral ganglion to test this and other hypotheses using computational techniques, however, future work could address this question as circuit information becomes available.

It is important to note that in addition to abolishing AHPs, expression of dnATPase also affects motor neuron response to current injection. As a result, some of the behavior effects seen could be caused by hyperexcitation. Unfortunately, currently available genetic tools do not allow us to manipulate AHP amplitude and response to current injection independently. However, the dnATPase manipulation does not significantly affect resting membrane potential ([Fig. 3D](#F3){ref-type="fig"}); in addition, the behavioral effects of acutely depolarizing motor neurons with the heat-activated ion channel dTRPA1 (i.e. full stop, no peristalsis, [@R42]) are different from those reported in this study. These observations suggest that the pump-mediated affects on CPG output observed here are not merely the result of massive motor neuron depolarization. Overall, our results suggest that the seconds-long time scale of AHPs could act to keep motor neuron properties primed for rhythmic action and provide a complement to the longer term plasticity processes that engage translational and transcriptional mechanisms [@R43] to tune intrinsic properties in this circuit.

METHODS {#S10}
=======

Transgenic lines and growth conditions {#S11}
--------------------------------------

For whole cell patch measurements of Na^+^/K^+^ pump mediated AHPs, we used animals in which a *GAL4* driver (*C380-GAL4*) known to express in motor neurons was recombined with *UAS-mCD8-GFP*, then outcrossed to wild type *Canton S (+/+)* animals (full genotype: *C380-GAL4, UAS-mCD8-GFP; +/+; +/+; +/+*. Abbreviation: *C380+GFP*). Expression of GFP was used to target neurons for recording. To inhibit Na^+^/K^+^ pump function in motor neurons, we crossed homozygous *C380+GFP* flies to *UAS-D369N* (full genotype: *+/+; +/+; UAS-D369N; +/+*. Abbreviation: *UAS-dnATPase*). This construct drives expression of an alpha subunit of the Na^+^/K^+^ pump with a point mutation in a highly conserved region of the ATPase. Previous work has shown that this construct acts as a partial dominant negative on Na^+^/K^+^ ATPase function [@R25].

For behavior experiments, we limited expression of dnATPase to motor neurons alone by using *C380+GFP* combined with *Cha-GAL80* (Full genotype: *C380-GAL4, UAS-mCD8-GFP/+;Cha-GAL80/+; UAS-D369N/+; +/+*. The addition of the *GAL80* gene inhibits *GAL4* expression in cholinergic sensory neurons (data not shown) and limits expression primarily to motor neurons [@R42]. All fly lines were grown on standard medium at 23--25°C on a roughly 12h:12h LD cycle.

Whole cell patch electrophysiology {#S12}
----------------------------------

All experiments were performed on female 3^rd^ instar larvae. For physiology experiments, larvae were dissected in a modified 'A' physiological saline containing 128 mM NaCl, 2 mM NaOH, 2 mM KCl, 0 mMCaCl~2~, 15 mM sucrose, 5 mM Trehalose, 4 mM MgCl~2~, and 5 mM HEPES, with pH 7.1--7.2 [@R18]. First, each larva was pinned down in a sylgard-lined dish. A longitudinal incision was made along the dorsum and then the animal was filleted out by pinning down the body wall. Sheath tissue surrounding dorsal motor neuron clusters was digested with 0.01% protease (type XIV, Sigma, St. Louis, MO, [www.sigmaaldrich.com](www.sigmaaldrich.com)) as previously described [@R18]. Motor neurons MNISN-Is (embryonic identity: RP2) and MN30-Ib (embryonic identity: RP1 or RP4) were targeted for recording [@R18], [@R44]. Pipette resistances were 5--10 MΩ. The internal pipette solution contained 130 mM potassium gluconate, 10 mM HEPES, 1 mM EGTA, 2 mM MgCl~2~, 0.1 mM CaCl~2~, 2 mM NaCl, 10 mM KOH, with pH adjusted to 7.2 with KOH. This composition results in a free calcium level on the order of 1.2 × 10^−8^ M in the intracellular solution.

During recordings, we used a gravity fed perfusion system to constantly superfuse preparations with saline. We performed all electrophysiology in 0.0 mM or 0.3 mM CaCl~2~. No differences were observed between the two solutions (data not shown). Experiments involving rhythmic stimulations designed to mimic behaviorally relevant depolarizations were done in saline containing CaCl~2~. In some experiments, we washed either 10^−6^ M tetrodotoxin (TTX) or 10^−4^ M ouabain (both from Sigma), over preparations using custom built perfusion switching valves.

We used MP285 micromanipulators (Sutter Instruments, Novato, CA, [www.sutter.com](www.sutter.com)) to maneuver patch electrodes, an Axopatch 200B to perform whole cell recordings, and a Powerlab 4/30 (ADinstruments, Colorado Springs, CA, [www.adinstruments.com](www.adinstruments.com)) combined with Chart 5.1 (ADinstruments) to record voltage traces on a Dell desktop PC. Data were analyzed using Spike2 (version 5, Cambridge Electronic Design, Cambridge, UK, [www.ced.co.uk](www.ced.co.uk)) and Excel (Microsoft, Redmond, WA, [www.microsoft.com](www.microsoft.com)). Spike2 analysis scripts are freely available at <http://www.whitney.ufl.edu/BucherLab>.

Behavior {#S13}
--------

To measure larval locomotion parameters, we washed 3^rd^ instar females in deionized water (to remove excess food), then allowed them to acclimate on dishes filled with 1% Bacto agar dissolved in de-ionized water for 15--20 min. 5--10 individuals at a time were transferred into a 25 × 25 cm arena also filled with 1% agar. After waiting \~1 min, we filmed crawling for a further 1 min using a VL3-ZU digital camcorder (Sharp electronics, Mahwah, NJ, [www.sharpusa.com](www.sharpusa.com)). A light box was placed under the arena to enhance contrast. Movies were recording using Windows Movie Maker on a desktop PC. Larval crawling speed and direction change were calculated with Dynamic Image Analysis (DIAS, <http://keck.biology.uiowa.edu/>) software. Statistical tests were performed in Excel and JMP.

Statistical analysis and data presentation {#S14}
------------------------------------------

We performed statistical tests for both electrophysiological and behavioral studies in Excel and JMP (version 5, JMP, Cary, NC, [www.jmp.com](www.jmp.com)). Final figures were made in Canvas 9 (Deneba, Victoria, Ca).

Supplementary Material {#S15}
======================

###### 

**Supplemental Table 1:** Number of action potentials evoked at various current injection levels in control saline (n = 5) and 10^−4^ M ouabain (n = 7). Data are presented as mean ± SEM.

###### 

**Supplemental Figure 1**: Expression of dominant negative Na^+^/K^+^ ATPase in motor neurons enhances response to depolarizing current injection. Spike frequency as a function of injected current in genetic controls (blues) and cells expressing dnATPase (red). Current pulse duration: 1 sec. Asterisks indicate significant difference from control lines (P\<0.05, One-way ANOVA with Tukey HSD posthoc test). Data are presented as mean ± SEM. Part of this data set has been published in previous work (Parisky et al., 2008).
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![Dorsal motor neurons in 3rd instar larvae show a long lasting Na^+^-dependent AHP following volleys of action potentials. **a)** Schematic of the larval preparation (top) showing brain (Br), ventral ganglion (VG) and body wall muscles (m). Below, close view of dorsal motor neuron orientations and designations. **b)** Response to a 5 sec, 100 pA current injection. Shaded area is shown at right. **c)** Response to 1 sec current pulses (different preparation). Increasing the current injection amplitude increases the peak hyperpolarization reached. Shaded area is shown at right. **d)** TTX abolishes AHPs. Left, MNISN-Is response to 5 sec, 100 pA current pulses in control (left) and **10**^−^**6** M TTX (right). Right, pooled data. Asterisks indicate significant differences between control and TTX responses (P\<0.05, Student's T-test). Pooled data are presented as mean ± SEM.](nihms165646f1){#F1}

![The larval AHP shows electrophysiological and pharmacological features of a Na^+^/K^+^ pump current. **a)** Input resistance does not change during AHPs. Left, motor neuron response to a 5 sec, 100 pA current pulse followed by 1 sec, −5 pA pulses at 3 time points during the AHP. **b)** Pooled data from experiments shown in **a**. Input resistance was estimated from single hyperpolarizing current pulses before spiking (prepulse) and at 1, 6, and 20 sec after spiking ceased. No significant differences were observed among the time points (P\>0.05, One-way ANOVA). **c)** AHPs do not show signs of reversing at the predicted reversal for K^+^ ions. Left, motor neuron responses to 5 sec current pulses at 4 different holding potentials. At each holding potential, cell is depolarized to approximately the same level. **d)** Pooled data for hyperpolarized holding potentials. No significant differences in AHP amplitude were observed at the various holding potentials (P\>0.05, One-way ANOVA). **e)** Recordings from a motor neuron in control saline (left) and in ouabain (right). In ouabain, hyperpolarizing current has been injected to hold the resting potential at control levels. **f)** AHP amplitudes plotted as a function of injected current in control conditions (black diamonds) and in ouabain (grey squares). AHPs are almost completely abolished after both 1 and 5 sec current pulses. Asterisks indicate significant differences between control and ouabain responses (P\<0.05, Student's T-test). **g)** Input resistances in control and ouabain were not significantly different (P\>0.05, Student's T-test). Pooled data are presented as mean ± SEM. Sample size is indicated on histogram bars.](nihms165646f2){#F2}

![Expression of dominant negative Na^+^/K^+^ ATPase decreases AHP amplitude in motor neurons. **a)** Representative recordings from motor neurons in *UAS* control (left) and *GAL4* control (center) and *GAL*4 + *UAS* larvae (right). Note lack of AHP in experimental conditions **b)** AHP amplitude plotted as a function of injected current in control conditions (squares and diamonds) and in flies expressing dnATPase (triangles). Asterisks indicate significant difference between dnATPase data (P\<0.05, One-way ANOVA with Tukey HSD posthoc test). **c)** Input resistances were the same in control and experimental animals (P\>0.05, One-way ANOVA with Tukey HSD posthoc test). **d)** Resting membrane potential was slightly depolarized in dnATPase expressing cells (F-value = 0.07. All pooled data are shown as mean ± SEM.](nihms165646f3){#F3}

![Expressing dnATPase in motor neurons decreases the cycle period of network output. **(a)** Animals expressing dnATPase in motor neurons crawl slower than controls. **(b)** Direction change during crawling is not altered by dnATPase expression. **(c)** The frequency of forward peristalsis is reduced in animals expressing dnATPase. **(d)** The frequency of backwards peristalsis is unaffected by dnATPase expression. Asterisks indicate significant differences from controls ((P\<0.05, One-way ANOVA, Tukey HSD posthoc test). All pooled data are shown as mean ± SEM.](nihms165646f4){#F4}

![AHP amplitude is proportional to spike number regardless of activity pattern. **a)** MN30-Ib cell response to a 5 sec, 20 pA depolarization (left), and 5 sec of 40 pA rhythmic depolarizations (1 Hz, 0.5 sec duration) (right). **b)** AHP amplitude in MN30-Ib cells at various current injection levels for the two stimulus patterns. **c)** AHP amplitude as a function of total spike number after constant and rhythmic stimuli. **d, e)** MNISN-Is cell AHPs after 1 sec and 5 sec constant pulses. All pooled data are presented as mean ± SEM.](nihms165646f5){#F5}

![AHPs release *Shal*-type I~A~ channels from inactivation and modify motor neuron intrinsic properties during behaviorally relevant rhythmic depolarization. **a)** MN30-Ib response to a train of depolarizing stimuli (40 pA, 1Hz, 0.5 sec duration). **b)** Close views of bursts 1, 5, and 20. Note delay to first spike in later cycles. Gray line denotes initial resting membrane potential. **c)** Delay to first spike plotted as a function of cycle number for two levels of current injection. **d)** Initial and final delay to first spike for 4 levels of current injection. **e)** Membrane potential before initial and final bursts at various current injection levels. **f)** Spike frequency within initial and final bursts at various current injection levels. All pooled data are presented as mean ± SEM. Asterisks indicate P\<0.05, Student's T-test.](nihms165646f6){#F6}

![AHPs are able to hold intrinsic properties in states approximating those seen during rhythmic activity even in the absence of rhythmic inputs. **a)** MN30-Ib cell responses to 40 pA current injections at various times following a 20 sec train of rhythmic depolarizing stimuli (40 pA, 1Hz, 0.5 sec duration). Last two bursts of the train are shown at left. The delay to first spike at the end of the train persists for multiple seconds (asterisks) even though the cell is not being driven rhythmically. As V~m~ returns to rest, the delay to first spike is lost (arrowhead). **b)** Average delay to first spike in the 1^st^, 5^th^ and 20^th^ bursts of a train, followed by average delays at 2.5, 5, 10 sec after cessation of train. Asterisks indicate times at which delay to first spike is significantly longer than 1^st^ burst (P \< 0.05, One-way ANOVA, with Tukey HSD posthoc test). All pooled data are shown as mean ± SEM.](nihms165646f7){#F7}
